Abstract-As the power level of a single wind turbine is continuously pushed up even to 7 MW, the wind power generation systems are required to be more reliable and able to withstand extreme grid disturbances. Moreover, it is becoming a need that the wind power generation system should be more active in the power network and able to contribute to the grid recovery by injecting reactive current during grid faults. Consequently, the full-scale power converter solutions are becoming more and more popular to fulfill the growing challenges in the wind power application. Nevertheless, the loading of the power devices in full-scale power converters, particularly during grid faults, may compromise the reliability performance and further increase the cost of the system. In this paper, three promising grid-side multilevel converter topologies for the next-generation 10-MW wind turbines are proposed and basically designed as case study. The operation status, as well as the reliability-related performances, is investigated aimed at various low-voltage ride through (LVRT) conditions. It is found that all of the proposed converter topologies will suffer from higher junction temperature in some heavily loaded power devices (particularly the diodes) under LVRT operation. Moreover, the three-level and five-level H-bridge topologies show more potential to reduce the inequality and level of device stress than the wellknown three-level neutral point clamped topology.
. Grid codes of wind turbines under low-voltage ride through by different countries [5] .
Fig. 2. Reactive current requirements versus grid voltage
Vg during lowvoltage ride through [6] . disconnection than ever before, the wind power generation system is required to be more reliable and able to withstand some extreme grid disturbances. The Transmission System Operators have issued stricter low-voltage ride through (LVRT) grid codes, as shown in Fig. 1 [5] for different countries, in which the boundaries with various voltage dips as well as their allowable disturbance time are defined. Moreover, it is becoming a need that the wind power generation system should also provide reactive current (up to 100% rated current capacity of converter) to contribute to the grid recovery, when LVRT is present, as shown in Fig. 2 where the required amount of reactive current with relation to the grid voltage is indicated by German grid codes [6] .
The stricter grid codes as well as the higher reliability requirements push the solutions of wind power generation system moving from doubly fed induction generator with partial-rated power converter to permanent magnet synchronous generator with full-scale power converter. Lots of work has been done related to how to control the wind power converter to satisfy the grid codes during LVRT [7] , [8] . However, the loss and thermal performance under this condition, particularly when using MW full-scale power converters, are another important and interesting topics needed for further investigations. The extreme loading of the power devices under grid disturbances could result in de-rerated converter power, cost-ineffective power semiconductors, complicated heat sink system, as well as reduced reliability of the converter.
In this paper, three promising grid-side multilevel converters for 10 MW wind turbines are proposed and basically designed. The evaluation criteria will mainly aim at the utilization and thermal performances of power switching devices during various LVRT conditions. Studies regarding the converter output, as well as loss and thermal distributions under different grid voltage dips/wind speeds, are presented and compared.
II. PROMISING TOPOLOGIES AND BASIC DESIGN
The concept and major parts of a variable speed wind turbine with full-scale power converter are shown in Fig. 3 .
As mentioned before, the power capacity of a single wind turbine keeps climbing up even to 7 MW, and medium voltage (1 kV-10 kV) would be interesting and needed to reduce the current rating in the wirings and switching devices under such a high power level. It is more and more difficult for the traditional two-level voltage source converter to achieve acceptable performance with the available switching devices [9] . With the abilities of more output voltage levels, higher voltage amplitude, and larger output power, multilevel converter topologies are becoming the most promising candidates in the application of full-scale power/medium-voltage wind power conversion [9] - [13] .
Because the grid-side converter in Fig. 3 is directly interfaced with the power grid and plays a key role to comply with the stricter standards during grid faults, the discussions will mainly focus on this part of the generation system. More detailed information about the generator side ac/dc converter is included in [11] and [12] and will not be discussed in this paper. Among various multilevel topologies, three of them are of interest and they are introduced in the following.
As one of the most commercialized multilevel converters on the market, three-level neutral-point diode-clamped topology (3L-NPC) is shown in Fig. 4 . The mid-point potential fluctuation of the dc bus is a main drawback, but this problem has been extensively researched and is considered improved [10] . However, it is found that the loss distribution between the outer and the inner power devices in a switching arm is unequal, and this problem may lead to cost-ineffective power device utilization, when it is practically designed [10] , [13] .
The three-level H-bridge topology (3L-HB) could be another choice in the wind power application, as shown in Fig. 5 . The clamped diodes in 3L-NPC solution are eliminated [13] , and only half of the dc bus voltage is needed without mid-point, the cost for dc link capacitors can be thereby reduced. However, extra length, loss, and inductance in the cables as well as the cost will be a major drawback. Also, zero-sequence current path is introduced in this configuration, where special components or control methods are needed to block the zero-sequence current [14] .
Another promising converter configuration (5L-HB) which makes use of the switching arms of 3L-NPC topology, and the H-bridge structure of the 3L-HB topology, is shown in Fig. 6 . It shares the same special requirements for open-winding transformer as 3L-HB topology. With switching devices of the same voltage rating, this converter can achieve five-level voltage output and doubled voltage amplitude compared to the 3L-NPC and 3L-HB solution. These features enable less current rating in the switching devices as well as the cables [15] . However, the 5L-HB topology introduces more power TABLE I  PARAMETERS OF DIFFERENT CONVERTER TOPOLOGIES FOR CASE STUDY devices/cables as well as zero-sequence current path, all of which could increase the cost of the converter system.
The basic design of each converter topology for a case study is as follows: All of the power switching devices have the commutated voltage of 2.8 kV in order to utilize the available and dominant 4.5 kV high-power IGCT/IGBT on the market, then the dc bus and maximum output voltage of each configuration can be determined. The most commonly used carrierbased PWM method for each converter topology is applied, and the equivalent switching frequency is typically designed to be 800-Hz in order to get an acceptable switching loss in the power devices. The output filter inductance is designed to limit the maximum current ripple to 25% of the rated current amplitude, and the filter capacitance is not taken into account. The power control method can be found in [13] , the references of active and reactive current delivered by the inverter under different voltage dips is selected according to the German grid codes which is shown in Fig. 2 [6] . The design parameters are summarized in Table I . For simplicity of analysis, the power grid is considered as three ideal ac voltage sources, and the transformers are assumed ideal. The dc bus voltage during LVRT is assumed to be controlled at 110% of the rated value by a dc bus chopper, which is a typical industrial solution used to absorb the active power from the generator. The detailed loss and efficiency performances of each topology under normal grid operation can be found in [11] .
III. OPERATION STATUS UNDER BALANCED LVRT
After the parameters for each converter topology are settled, the operation status with the information of output voltage, load current and delivered power under various LVRT conditions can be derived and simulated. In order to facilitate the investigation and demonstration of the converter operation characteristics under LVRT, three-phase balanced grid faults are first taken into account. Fig. 7 summarizes the active/reactive power delivered by the grid-side converter under various balanced grid voltage dips of three phases. Because the injected reactive current under LVRT is defined by grid codes in Fig. 2 , the reactive power Q delivered by the converter is only decided by the grid voltage. However, there is still some flexibility to adjust the active current when the grid voltage is above 0.5 p.u. In order to reduce the stress of braking chopper on dc bus and maintain the dc bus voltage [7] , [8] , the active power P delivered by the converter under grid voltage above 0.5 p.u. should refer to the generated power by wind turbines. Worst condition is assumed when the generation system is set to provide as much active power as possible, and the pitch control of wind turbine does not have enough time to activate [7] , [8] . The situations of 12 m/s wind speed (10 MW generated power), 10 m/s (6.3 MW generated power), and 8 m/s (3.2 MW generated power) [16] , [17] are indicated, respectively, in Fig. 7 .
The current amplitude and phase angle (between load current and grid voltage) under three-phase balanced LVRT are shown in Fig. 8 , in which the situation of different wind speeds at 12 m/s, 10 m/s, and 8 m/s are indicated, respectively. It can be seen that when the grid voltage is below 0.5 p.u., both of the current amplitude and phase angle keep constant because of 100% rated reactive current injection; however, when the grid voltage is above 0.5 p.u., the current amplitude and phase angle dramatically change with the variation of grid voltage and wind speed.
The simulations are carried out based on PLECS Blockset in Simulink [21] , and the simulation parameters are consistent with the ones in Table I . A normal operation status of each converter is first assumed at wind speed of 10 m/s, which is the typical average annual offshore wind speed defined by IEC I wind class standard [4] . As an extreme example, the converters are subjected to 0.05 p.u. balanced grid voltage dips for 150 ms during the defined normal operation status. Studies of output voltage pulses (V c ), grid voltage (V g ), phase current (I ph ) of each converter topology are presented in Fig. 9 . It is obvious that, the current amplitude during LVRT with 0.05 p.u. grid voltage increases significantly in all of the three converter topologies compared to the normal operation with 10 m/s wind speed.
When zooming in the indicated areas of Fig. 9 , the detailed output waveforms before and after LVRT are shown in Fig. 10 . Compared to the normal operation with 10 m/s wind speed, the converter outputs when undergoing LVRT with 0.05 p.u. grid voltage have significant changes on the current amplitude, phase angle, and voltage pulse width. It can be seen that the load current lags the grid voltage 90
• because of 100% reactive current injection, and the output voltage pulse width is largely reduced because of lower modulation index. It is noted that the output voltage level reduces from five to three in the 5L-HB topology when LVRT operation is presented.
The current distributions in the power switching devices of Fig. 10 are shown in Fig. 11 . It is found that the current load moves from transistor to diodes (both freewheeling and clamped diodes) in all of the three converter topologies during balanced LVRT, and the increased current amplitude will increase the stress of the power devices compared to the normal operation condition.
IV. LOSS DISTRIBUTION UNDER BALANCED LVRT
The power semiconductor switching devices play a crucial role in the loss, efficiency, reliability, and cost of the converters for wind turbines. The dominant choices as reported in the wind power application are located in IGBT modules, IGBT press-pack, and IGCT press-pack, which are compared in Table II [9] .
The module packaging technology for IGBT has longer record of applications and less mounting problems; however, due to the soldering and bond-wire connection of chips, module packaging devices may suffer from larger thermal resistance, lower power density, and higher failure rates [18] . The presspack packaging technology improves the connection of chips by directly press-pack contacting, which leads to an increase in reliability (yet to be scientifically proven but known from industrial experience), higher power density (easier stacking for series connection), and better cooling capability at the disadvantage of higher cost compared to the module packaging devices.
Press-pack IGCT were introduced into the medium-voltage converters in 90s and are already becoming state of the art in high power electric drives (e.g., for oil and gas application) but not yet widely adopted in the wind turbine industry also because of cost issues [18] - [20] . In this paper, the press-pack IGCT 5SHY35L4512 (commutated voltage 2.8 kV/maximum current 3.3 kArms) and diodes 5SDF16L4503 (2.8 kV/2.6 kArms) from ABB are chosen as the switching power devices for 3L-NPC and 3L-HB topologies, IGCT 5SHY35L4510 (2.8 kV/ 2.7 kArms), and diodes 5SDF10H4503 (2.8 kV/1.8 kArms) are chosen for the 5L-HB topology. The used loss model shares the same idea in [21] , [22] , which is a commonly accepted method for loss evaluation of power semiconductor devices, and the loss simulation is carried out based on PLECS Blockset in Simulink. Because the datasheet of the manufacturer does not provide the loss data under different temperatures, the calculated losses of power devices in this paper are considered temperature independent.
It is noted that during the LVRT operation, the dc bus of power converter may probably increase because of the shortterm mismatch in the input and output active power through the converter [7] , [8] . Normally, the increased dc bus voltage should be limited (e.g., maximum 110% rated) for hundreds of milliseconds by triggering the braking chopper. According to the loss model in [22] , the dc bus voltage has important impacts to both of the switching loss and the conduction loss in power switching devices. As a result, the increased dc bus voltage should be taken into account in the loss analysis during LVRT. Moreover, the increased dc bus voltage may significantly decrease the lifetime of power switching devices due to the cosmic radiation failure mechanism as reported in [18] ; however, this issue will not be discussed this paper.
The loss distribution in the power switching devices under normal operation with wind speed of 8 m/s, 10 m/s, 12 m/s, as well as balanced LVRT condition with 0.05 p.u. grid voltage are compared in Fig. 12 , in which 10% higher dc bus voltage (3.1 kV or 6.2 kV) are applied for LVRT condition. It can be seen that, the LVRT operation may impose the diodes (D1, D2, Dnpc) and inner switches (T2 in 3L-NPC and 5L-HB) with significant larger losses than the most stressed normal operation condition (12 m/s wind speed, 10 MW rated output power). The loss simulation results are consistent with the current distributions in Fig. 11 , in which the diodes and inner switches are heavy loaded because of increased current amplitude and moved phase angle between load current and grid voltage.
V. THERMAL DISTRIBUTION UNDER BALANCED LVRT
The thermal performance of power devices are closely related to the reliability of the converter, current rating of power devices and cost of the cooling system. Therefore, it is an important indicator for large-scale wind power converters. In order to conduct thermal performance evaluation, an appropriate thermal model should first be acquired.
The thermal models of a single switch and clamped diode are indicated in Fig. 13 [23] , [24] , in which the thermal impedance from junction to case Z (j−c) is modeled as a four-layer Foster RC network, as shown in Fig. 14 . Each of the thermal parameters can be found from the manufacturer datasheets, and they are summarized in Table III , where the thermal resistance R th will decide the steady-state mean value of the junction temperature, and the thermal capacitance (with time constant τ ) will decide the dynamic change or fluctuation of the junction temperature. The ambient temperature is set to 50
• C and considered constant during the operation of converter. However, it may be changed depending on the operation site and still the main findings of the analysis will be valid. It is noted that the separately packaged IGCT and diodes are chosen because of the limitation for available products which can be found on the market. However, in a practical converter design, the IGCT/IGBT and its freewheeling diode are usually integrated and packaged together, the chip size for diode is usually about half of that for the IGCT/IGBT, accordingly, the thermal resistance of the diode from junction to heat sink is not consistent with its datasheet but set to twice of the IGCT.
Normally, the thermal capacitance outside a power device from case to ambient are much larger compared to that inside a power device from junction to case in a properly designed cooling system. The larger thermal capacitance, which has longer time constant ranging from hundreds of milliseconds to hundreds of seconds [25] , mostly decide the time to achieve steady-state junction temperature, and have no significant impacts on the dynamic junction temperature fluctuation within a fundamental cycle of the converter output (dozens of milliseconds). Therefore, it is efficient to make a simplification which ignores the relative larger thermal capacitances in Z (c−h) and Z (h−a) to realize a faster thermal simulation. In mega-watts power converter systems, separated heat sink is typically used, a good thermal decoupling among the power devices can be achieved, so the thermal resistance between the heat sink and ambient is considered small.
Based on the previous loss simulation results and thermal model, the junction temperature of the power devices in each of the converter solution, have been simulated and the results are reported in the following.
A. 3L-NPC
The simulated junction temperature in 3L-NPC converter under normal operation with 10 m/s wind speed and threephase balanced LVRT condition with 0.05 p.u. grid voltage are shown in Fig. 15 . It can be seen that the thermal distribution is quite unequal under both operation modes. The LVRT operation has higher junction temperate in all of the switching devices except the outer switch T1, and the maximum temperature which locates in the clamped diode D npc increases about 20 K compared to the normal operation at 10 m/s wind speed.
According to the important Coffin-Masson life time model [24] , [25] , the junction temperature mean value T m and the fluctuation amplitude ΔT j are two of the most important information for the reliability of power semiconductor devices, the simulated T m and ΔT j of each switching device in 3L-NPC converter with relation to the grid voltage are shown in Fig. 16(a) and (b) , respectively. The change of junction temperature keeps relative smooth when the grid voltage is below 0.5 p.u. and becomes dramatic when the grid voltage is above 0.5 p.u. It is noted that there is a temperature rise in Dnpc and T1 when the grid voltage is around 0.7 p.u., which is due to the current phase angle change and the fast growing switching loss in T1 and Dnpc.
B. 3L-HB
The simulated junction temperature in 3L-HB converter under normal operation with 10 m/s wind speed and LVRT condition with 0.05 p.u. grid voltage are compared in Fig. 17 . It can be seen that the junction temperature is equally distributed among all of the switching devices under normal operation and significantly increases particularly in the diodes under LVRT. The maximum temperature which is located in the freewheeling diodes D1/D2 increases about 35 K compared to the normal operation with 10 m/s wind speed. The simulated temperatures T m and ΔT j in 3L-HB converter with relation to the grid voltage are shown in Fig. 18 . It is interesting to see that the thermal distribution in 3L-HB topology under LVRT is much more equal than the 3L-NPC in Fig. 16 , and both of the junction temperature mean value and amplitude keep reducing when the grid voltage is above 0.5 p.u.
C. 5L-HB
The junction temperature in the 5L-HB converter under normal operation with 10 m/s wind speed and LVRT condition with 0.05 p.u. grid voltage are compared in Fig. 19 , and the simulated T m and ΔT j in 5L-HB converter with relation to the grid voltage are shown in Fig. 20 . It can be seen that the trends of thermal performance in the 5L-HB topology under LVRT are quite similar to that of the 3L-NPC topology, but the junction temperature keeps at a much lower level. This is because of the half current rating compared to the 3L-NPC topology.
D. Comparison of Topologies
The junction temperature comparison of the most stressed power device in each of the converter topology is shown in Fig. 21 , in which the fluctuation range of the junction temperature is indicated. It can be seen that the 3L-NPC converter has the most stressed switching devices Dnpc among the three converter topologies, and the most extreme condition happens when the grid voltage is close to 0 p.u. (due to the large conduction losses) and 0.7 p.u. (due to the large switching losses). For the 3L-HB topology, it has a better thermal performance compared to the 3L-NPC topology, particularly when the grid voltage is above 0.5 p.u. The 5L-HB shows the best temperature performance among the three topologies and shares the similar junction temperature changing trends as 3L-NPC converter. This also means that it has more potential to handle higher power or reduce the cost for cooling system and power semiconductors.
VI. UNBALANCED LVRT
In reality the unbalanced grid faults (e.g., one-phase grounded or two-phase connected) are more likely to happen. In these cases, the LVRT operation of the grid-side converter is more complicated compared to the balanced fault condition (three-phase grounded). During the unbalanced LVRT, the types and location of grid faults, the connection of transformer windings and the power control strategies of the converter all dramatically change the loading of power switching devices. Therefore, the operation conditions for unbalanced grid fault have to be carefully specified.
A. Propagation of Voltage Dips
A typical configuration for grid integration of wind turbine is shown in Fig. 22 , in which a Dy transformer is used to interface the power converter output on Bus 2 (e.g., 3.3 kV) and the distribution line of wind farm on Bus 1 (e.g., 20 kV). A short circuit fault in the grid integration system will cause voltage dips on Bus 1 and Bus 2.
Define that the voltage dip value D N represents the lowest phase voltage amplitude in p.u. on the Bus N . Three typical grid faults: one-phase grounded (1 phase), two-phase connected (2 phase) and three-phase grounded (3 phase) with the same dip value are assumed to happen, respectively, on Bus 1 (D 1 = 0.5, no phase jump). Due to the Dy connection of the transformer windings, the voltage dips propagated from Bus 1 may look different on Bus 2 [26] . As summarized in Table IV , the voltage dip type and dip value on Bus 1 and the corresponding voltage characteristics on Bus 2 are included. The voltage dip types A-D are defined as phasor diagrams in Fig. 23 , respectively [26] , [28] .
It can be seen that the three-phase balanced grid fault (3 phase) on Bus 1 propagates the same dip type and dip value on Bus 2. While the unbalanced grid faults (1 phase and 2 phase) with the same dip value on Bus 1 cause different dip types and dip values on Bus 2, which is monitored by the grid-side converter and result in different amount of delivered reactive currents to help the grid to recover from faults.
The whole range of voltage dip value on Bus 1 with ralation to the coresponding dip value on Bus 2 are shown in Fig. 24 , in which balanced (3 phase) and unbalanced (1 phase and 2 phase) grid faults are indicated, respectively. It is clear that the balanced grid fault on Bus 1 will propogate the same dip value on Bus 2. While the single-phase unbalanced grid fault happened on Bus 1 has a higher dip value when propogating on Bus 2, and the two-phase unbalanced grid fault on Bus 1 has lower dip value when propagating on Bus 2.
For simplicity of the analysis, only the single-phase grounded faults on Bus 1 is chosen in this paper as an example of the unbalanced LVRT. The injected reactive current to the grid by wind power converter is set according to the lowest phase voltage amplitude on Bus 2 referring to the demands in Fig. 2 . It is required that the active/reactive current generated by the converters only contains positive sequence component, and the negative sequence currents are controlled to be zero. The control methods for different sequence currents can be found in [27] , and the behavior of converters under various LVRT is still a continuous discussion for the future grid standards.
B. Operation Status Under Single-Phase Unbalanced Grid Fault
The active/reactive power delivered by the grid-side converter under single-phase unbalanced grid voltage dip is shown in Fig. 25 , where the horizontal axis represents the voltage dip values on Bus 2. It is noted that the single-phase voltage dip on Bus 1 (type B) propagates two-phase voltage dip on Bus 2 (type C), whose dip value D 2 cannot be lower than 0.577 due to the characteristic of Dy transformer. The situations of 12 m/s wind speed (10 MW generated power), 10 m/s (6.3 MW generated power), and 8 m/s (3.2 MW generated power) are indicated, respectively. The current amplitude, as well as the phase angle under single-phase unbalanced grid fault, is shown in Fig. 26 , where the phase angle represents the angle between the load current (Fig. 23) . It can be seen that the current amplitude and phase angle dramatically change with the variation of grid voltage and wind speed.
As an example, Fig. 27 shows the grid voltage, load current as well as instantaneous active/reactive power of wind power converter undergoing single-phase unbalanced grid fault on Bus 1. The wind speed is at 10 m/s (6.3 MW), the dip value D 1 is at 0 p.u. (0.577 p.u. when propagated to Bus 2), the positive sequence active current is at 0.533 p.u., and the reactive current is at 0.864 p.u. according to the grid codes in Fig. 2 .
It can be seen that the grid voltage on Bus 2 is consistent with the type C fault definition in Fig. 23 , and the currents in the converter are symmetrical among three phases, which means only positive sequence currents are generated. Due to the existing of negative sequence voltage, there is a 100-Hz fluctuation in the delivered active and reactive power of converter [25] , [28] which is assumed to be absorbed by the dc bus chopper.
By looking at the phasor diagram definition for grid voltage dip type C in Fig. 23 , it is interesting to see that when the singlephase grid fault is presented on Bus 1, there is a phase shift in the voltage of phase B and C on Bus 2, and thereby the angle between each phase voltage is no longer 120
• . On the other hand, it is required that only positive sequence currents should be delivered by the wind power converter; therefore, the angle between each phase current is still kept at 120
• , as shown in Fig. 27 . Fig. 28 shows the phase angles (between phase voltage and current) for the three phases of wind power converter with relation to the voltage dips when single-phase unbalanced grid fault is presented. The conditions with wind speeds of 12 m/s and 8 m/s are indicated, respectively.
As mentioned before, the phase angles as well as the voltage/current amplitude are closely related to the loading of power switching devices. By Figs. 27 and 28 , it can be seen that the voltage amplitude and phase angle of the three phases of the converter are quite different from each other; therefore, the device losses and thermal distribution should also be different for each phase of the converter when undergoing unbalanced LVRT.
C. Loss Analysis Under Single-Phase Unbalance Grid Fault
The loss distribution of the power switching devices under normal operation (with wind speed of 12 m/s) and the loss distribution for the three phases of converters under unbalanced LVRT are compared in Fig. 29 . The 10% higher dc bus voltage is applied for LVRT condition. It can be seen that, the LVRT operation still impose the diodes and inner switches with significant larger losses than the most stressed normal operation condition, and the loss distribution among the three phases are asymmetrical for each topology.
D. Thermal Distribution Under Single-Phase Unbalanced Grid Fault
The simulated junction temperatures for the three phases of converters are shown in Fig. 30 , in which the converters are undergoing unbalanced LVRT (Type C fault on Bus 2 with D 2 = 0.577 p.u., v w = 10 m/s). It can be seen that for the 3L-NPC topology, the thermal distribution is unequal not only among the devices but also among the three phases. Phase B has a more stressed D npc and T 1 , while phase A and phase C have more stressed T 2 , D 1 , and D 2 . It is found that D npc in phase B is the most stressed device of the converter under the given condition.
For the 3L-HB topology, the thermal distribution is much more equal both among the devices and the three phases, D 1 /D 2 in phase C is the most stressed devices of the converter.
For the 5L-HB converter, thermal distribution tendency is similar to the 3L-NPC topology, but the inequity among the devices and the three phases are significantly improved.
The junction temperature comparison of the most stressed power device among the three phases in each of the converter topology is shown in Fig. 31 , in which the fluctuation range of the junction temperature is indicated. Again, 3L-HB and 5L-HB topologies show advantages under unbalanced LVRT condition (Type C fault on Bus 2, v w = 10 m/s).
VII. CONCLUSION
The reactive current injection requirements for full-scale wind power converter during LVRT will impose some power switching devices (particularly the diodes) with even larger stress than the rated normal operation condition.
The device loading of the grid-side converter under balanced LVRT changes dramatically under different grid voltage dips. When the grid voltage is below 0.5 p.u., 100% rated reactive current is needed, the amplitude and position of the current keep fixed, and only the conduction loss is changed in the power devices. While when the grid voltage is above 0.5 p.u., both switching loss and conduction loss are changed dramatically in the power devices because the grid code allows some room and flexibility for the active current, which is related to the wind speed as well as the pitch angle/rotation speed control strategies for wind turbines during LVRT.
When undergoing single-phase unbalanced grid fault, it is found that the device loading among the three phases of converter is asymmetrical for all of the interested topologies. In addition, it is also found that both of the three-level and five-level H-bridge topologies show more potential to reduce and more equally distribute the stress in the power switching devices compared to the well-known three-level neutral point clamped topology under various LVRT conditions. 
